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Small	  Bodies	  =	  Comets	  and	  Asteroids	  

	  Comets	  contain	  vola8les	  in	  the	  
form	  of	  ices	  and	  can	  produce	  
visible	  atmospheres	  (coma)	  

	  Asteroids	  generally	  lack	  ac8ve	  
ices	  and	  appear	  to	  be	  
essen8ally	  inert	  

Primordial fragments from the formation of our Solar System 
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Examples	  of	  Dormant	  Comet/Ac+ve	  Asteroids	  

Ø  Recent 
discoveries 
of main belt 
comets  

Ø  Small bodies 
are an 
extremely 
diverse 
population of 
objects  

Ø  Represent 
several 
avenues for 
scientific 
research 
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Detec+on	  of	  Water	  Vapour	  at	  Asteroid	  (1)	  Ceres	  

5	  

Image credit from Küppers et al., 2014 



6	  Image courtesy of Addison Wesley 

Small	  Body	  Source	  Regions	  
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Poten+al	  Small	  Body	  Des+na+ons	  

Ø Near-‐Earth	  Objects	  (NEOs)	  and	  Phobos/Deimos	  are	  small	  
airless	  bodies	  with	  “similar”	  physical	  characteris+cs	  

Ø  However	  they	  represent	  dis+nct	  and	  separate	  des+na+ons	  
for	  robo+c	  and	  human	  explora+on	  

•  NEOs	  -‐	  any	  small	  body	  passing	  within	  1.3	  Astronomical	  
Units	  (AU)	  of	  the	  Sun	  
–  Note	  that	  90	  –	  95%	  of	  the	  NEO	  popula8on	  are	  Near-‐

Earth	  Asteroids	  (NEAs)	  
–  5	  –	  10%	  of	  NEOs	  may	  be	  ex8nct	  or	  dormant	  comets	  

(i.e.,	  no	  evidence	  of	  ac8vity)	  
–  NEAs	  are	  the	  targets	  for	  Human	  Explora8on	  

• Phobos	  and	  Deimos	  are	  natural	  satellites	  of	  Mars	  at	  
~1.52	  AU	  
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NASA/APL/JPL/JAXA 

(25143) Itokawa 
0.54 x 0.29 x .20 km 
 

(433) Eros 
34 x 11 x 11 km 
 

Deimos 
15 x 12 x 10 km 
 

Phobos 
26 x 22 x 18 km  

8 NASA Internal Use Only -- Not 
for Distribution  DRAFT  

NEAs to scale with the Martian moons 
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~100 meters"
    (ISS at 15A Stage)!

	


540 meters"
	


JAXA, NASA!
	


Multi-Purpose !
Crew Vehicle!

(MPCV)	

~17 m!

(cross section)	


Yoshinodai  

9 NASA Internal Use Only -- Not 
for Distribution  DRAFT  

Asteroid	  Itokawa,	  ISS,	  and	  the	  MPCV	  
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5m 

(Solar angle ~10 degrees) 

Hayabusa Touchdown Site at Itokawa 

1 

A – Hayabusa Touchdown Site 
1 – Rocky Outcrop Areas 
2 – Depressed Regolith with Boulders 
3 & 4 – Infilled Impact Craters 
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 - Exploration 

Small Body Focal Areas 

 - Science 

 - Resources 

 - Planetary Defense 
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Intersec+on	  of	  all	  
	  

Loca8on	  (posi8on	  predic8on/orbit)	  
Size	  (existence	  of	  binary/ternary)	  
Rota8on	  rate	  &	  pole	  orienta8on	  

Par8culate	  environment/Debris	  field	  
Electrosta8c	  charging	  &	  plasma	  field	  

Thermal	  environment	  
Gravita8onal	  field	  structure	  
Mass/Density	  es8mates	  

Surface	  morphology	  and	  proper8es	  
Regolith	  mechanical	  &	  geotechnical	  proper8es	  

	  

Overlap	  of	  Small	  Body	  Focal	  Areas	  
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Planetary	  Decadal	  Science	  Themes	  
Ø  Building	  New	  Worlds	  -‐-‐	  understanding	  solar	  system	  beginnings	  

– What	  were	  the	  ini8al	  stages,	  condi8ons	  and	  processes	  of	  solar	  system	  
forma8on	  and	  the	  nature	  of	  the	  interstellar	  maJer	  that	  was	  incorporated?	  

– What	  governed	  the	  accre8on,	  supply	  of	  water,	  chemistry,	  and	  internal	  
differen8a8on	  of	  the	  inner	  planets	  and	  the	  evolu8on	  of	  their	  atmospheres,	  
and	  what	  roles	  did	  bombardment	  by	  large	  projec8les	  play?	  

Ø  Planetary	  Habitats	  -‐-‐	  searching	  for	  the	  requirements	  for	  life	  
– What	  were	  the	  primordial	  sources	  of	  organic	  maJer,	  and	  where	  does	  
organic	  synthesis	  con8nue	  today?	  

Ø Workings	  of	  Solar	  Systems	  -‐-‐	  revealing	  planetary	  processes	  
through	  +me	  
– What	  solar	  system	  bodies	  endanger	  and	  what	  mechanisms	  shield	  Earth’s	  
biosphere?	  

–  How	  have	  the	  myriad	  chemical	  and	  physical	  processes	  that	  shaped	  the	  
solar	  system	  operated,	  interacted,	  and	  evolved	  over	  8me?	  
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Small	  Body	  Science	  
Ø  Small	  bodies	  are	  the	  leU	  over	  primi+ve	  materials	  from	  the	  earliest	  stages	  of	  Solar	  

System	  forma+on	  
–  NEAs	  sample	  a	  wide	  diversity	  of	  material	  types	  and	  reservoirs	  
–  Context	  of	  Small	  Body	  origins	  and	  evolu8on	  

Ø  In	  situ	  science	  enables	  a	  beVer	  understanding	  of	  these	  bodies’	  origin/dynamical	  
history	  and	  early	  Solar	  System	  forma+on	  

–  Proximity	  science	  inves8ga8ons	  (“orbit”	  or	  sta8on	  keeping	  modes)	  
–  Surface	  and	  sub-‐surface	  science	  inves8ga8ons	  (regolith/material	  proper8es	  drivers)	  to	  iden8fy	  

origins,	  inves8gate	  impact	  history,	  understand	  space	  weathering	  effects,	  etc.	  

Ø  Sample	  return	  from	  these	  bodies	  informs	  the	  nature	  of	  the	  material	  composi+on,	  
thermal,	  oxida+on	  state,	  and	  collisional	  histories	  

–  Iden8fica8on	  and	  characteriza8on	  of	  samples	  
–  Acquisi8on	  under	  low-‐gravity	  regimes	  with	  regolith	  and	  material	  property	  drivers	  
–  Storage	  and	  containment	  of	  samples	  (i.e.,	  cold/frozen	  samples)	  

Ø  Iden+fica+on	  of	  vola+le	  and	  organic	  materials	  has	  major	  implica+ons	  for	  
astrobiology	  	  	  

–  Delivery	  of	  pre-‐bio8c	  molecules	  	  and	  vola8les	  to	  Earth	  via	  NEAs	  (e.g.,	  origin	  of	  Earth’s	  H2O)	  
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Small	  Body	  In	  Situ	  Characteriza+on	  
Ø  Prior	  to	  sending	  a	  piloted	  mission	  to	  a	  NEA,	  addi+onal	  in	  situ	  characteriza+on	  

of	  the	  target	  is	  required	  
– Obtain	  basic	  reconnaissance	  to	  assess	  poten8al	  hazards	  that	  may	  pose	  a	  risk	  to	  both	  
vehicle	  and	  crew	  (e.g.,	  Ranger,	  Lunar	  Orbiter,	  Surveyor,	  LRO	  have	  done	  for	  the	  Moon)	  

– Some	  NEAs	  may	  have	  physical	  characteris8cs	  that	  would	  make	  them	  unsuitable	  as	  
targets	  for	  early	  human	  explora8on	  

– Fill	  in	  Strategic	  Knowledge	  Gaps	  (SKGs)	  
	  

Ø  Precursor	  missions	  would	  also	  assess	  the	  NEA	  for	  future	  ac+vi+es	  to	  be	  
conducted	  by	  the	  crew	  and	  their	  assets	  to	  maximize	  mission	  efficiency	  
– 	  Proximity	  opera8ons	  (spacecral,	  robo8c	  assets,	  crew	  on	  EVA)	  

– 	  Surface	  ac8vi8es	  (scien8fic	  and	  engineering	  inves8ga8ons)	  

– Touchdown	  site	  selec8on	  

– Sample	  iden8fica8on	  and	  collec8on	  
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Small	  Body	  In	  Situ	  Characteriza+on	  

Ø  Build	  on	  lessons	  learned	  from	  other	  small	  body	  missions	  

Ø  Strong	  overlap	  with	  Science,	  Explora+on,	  Resource	  U+liza+on,	  
and	  Planetary	  Defence	  

Ø  Past,	  current,	  and	  future	  mission	  examples	  
–  NEAR	  Shoemaker,	  Hayabusa,	  	  
–  RoseVa,	  Hayabusa	  2,	  OSIRIS	  REx,	  	  
–  AIDA,	  ISIS	  
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Ø  The	  objec+ves	  for	  the	  robo+c	  mission	  would	  be	  oriented	  towards	  data	  
collec+on	  to	  prepare	  for	  Human	  explora+on	  
–  High-‐resolu8on	  gravity	  field,	  density	  measurements	  (rubble	  pile	  vs.	  monolith),	  and	  
topographic	  mapping	  

–  Surface	  composi8on	  mapping,	  resource	  characteriza8on	  and	  distribu8on	  
–  Dynamical	  environment	  (radia8on,	  dust	  levita8on,	  plasma	  fields	  interac8ons,	  etc)	  

Ø  The	  precursor	  should	  have	  some	  level	  of	  direct	  interac+on	  with	  the	  surface	  
(e.g.,	  landers,	  hoppers,	  penetrators,	  etc.)	  
–  Near-‐surface	  regolith	  geotechnical	  proper8es	  (composi8on/size	  distribu8on,	  
stability,	  porosity,	  compac8on,	  etc.)	  	  

	  

Ø  Robo+c	  sample	  return	  prior	  to	  the	  Human	  mission	  is	  not	  necessary	  as	  a	  
risk-‐	  or	  cost-‐reduc+on	  ac+vity	  
–  Dust	  mi8ga8on	  and	  contamina8on	  protocols	  can	  be	  based	  on	  previous	  small	  body	  
experience	  gained	  from	  the	  Hayabusa,	  RoseJa,	  Hayabusa	  2,	  and	  OSIRIS	  REx	  
missions	  

–  The	  Human	  crew	  is	  more	  suited	  to	  obtain	  macroscopic	  and	  diversified	  samples	  
	  	  

Robo+c	  Precursor	  Ac+vi+es	  
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Ø The	  precursor	  may	  also	  be	  extremely	  valuable	  during	  (and	  
aUer)	  human	  mission	  opera+ons	  	  
–  Experience	  has	  shown	  that	  small	  body	  robo8c	  probes	  can	  be	  opera8onal	  for	  10+	  

years	  (e.g.,	  Stardust,	  Deep	  Impact,	  etc.)	  

–  The	  precursor	  can	  provide	  situa8onal	  awareness	  (bird's	  eye	  view)	  and	  act	  as	  a	  
data/communica8on	  relay	  for	  any	  assets	  out	  the	  line	  of	  sight	  

–  It	  can	  also	  act	  as	  a	  data	  rely	  for	  equipment/instruments	  lel	  behind	  on	  the	  
surface	  for	  long	  dura8on	  inves8ga8ons	  (e.g.,	  geophysical	  sta8ons,	  ISRU	  
opera8ons,	  etc.)	  

	  

Robo+c	  Precursor	  Support	  

Source: NASA/AMA, Inc. 
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Ø Humans	  are	  able	  to	  perform	  complex	  tasks	  and	  make	  rapid	  decisions	  in	  real	  +me	  
–  Ideally	  suited	  to	  performing	  detailed	  and	  complex	  tasks	  which	  will	  be	  required	  in	  low-‐gravity	  

environmental	  condi8ons	  at	  planetary	  surfaces	  
–  Enables	  a	  more	  efficient	  and	  higher	  quality	  science	  return	  
–  Recognizing	  and	  collec8ng	  scien8fically	  valuable	  samples	  for	  return	  to	  Earth	  is	  one	  of	  the	  most	  

important	  tasks	  at	  a	  small	  body	  (e.g.,	  age	  da8ng,	  evolu8on,	  parent	  body	  processes,	  etc.)	  
	  

Ø The	  support	  infrastructure	  will	  further	  enhance	  science	  return	  
–  Combina8on	  of	  teleoperated	  and	  autonomous	  systems	  furthers	  the	  capabili8es	  of	  human	  

interac8on	  and	  inves8ga8on	  at	  the	  target	  	  
•  Independent	  and	  simultaneous	  opera8ons	  
•  Detailed	  coordinated	  ac8vi8es	  

–  Computer	  capabili8es	  and	  power	  of	  spacecral	  systems	  can	  be	  u8lized	  on	  sta8on	  
•  Radar	  tomography	  of	  small	  body	  interiors	  
•  High	  bandwidth	  for	  data	  transfer	  and	  communica8on	  

–  Enhanced	  cargo	  capacity	  for	  opera8ons	  and	  samples	  
•  Delivery	  of	  science	  and	  engineering	  equipment	  to	  be	  
	  used	  during	  EVAs	  

•  Capability	  for	  larger	  return	  and	  diversity	  of	  samples	  
•  Op8ons	  for	  containment	  (e.g.,	  cold	  temperatures)	  
	  

Science	  Enabled	  by	  Human	  Presence	  

Source: NASA/AMA, Inc. 
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Ø Determine	  the	  nature	  of	  the	  small	  body	  surface	  geology	  and	  mineralogy	  
–  This	  provides	  context	  and	  sample	  selec8on	  informa8on	  for	  the	  returned	  samples	  for	  which	  these	  

measurements	  will	  be	  conducted	  in	  Earth	  laboratories	  
–  Informa8on	  on	  bulk	  composi8on	  and	  origin	  of	  materials	  (meteorite	  affini8es/parent	  bodies)	  
–  Recogni8on	  of	  any	  altera8on	  processes	  (fresh	  vs.	  weathered)	  
–  Can	  be	  done	  via	  hand	  held	  remote	  sensing	  or	  in	  situ	  instruments	  

Ø Characterize	  the	  regolith	  of	  the	  small	  body	  at	  local	  and	  global	  scales	  
–  Interpret	  the	  processes	  that	  have	  formed	  and	  modified	  it	  
–  Study	  the	  nature,	  structure,	  and	  degree	  of	  matura8on	  
–  Par8cle	  size	  frequency	  distribu8ons	  needed	  to	  characterize	  microgravity	  geology	  
–  Understand	  the	  geotechnical	  proper8es	  (cohesion,	  density,	  porosity,	  etc.)	  
–  Characterize	  the	  thermal	  iner8a	  and	  mobility	  response	  
–  Best	  suited	  to	  geophysical	  equipment,	  subsurface	  excava8on	  (trenching/drilling/core),	  probes,	  etc.	  
	  

Ø Iden+fy	  and	  characterize	  the	  presence	  and	  distribu+on	  of	  vola+les	  or	  organics	  
–  Inves8gate	  at	  surface,	  near-‐surface,	  and	  at	  depth	  
–  Can	  be	  done	  with	  hand	  held	  remote	  sensing	  or	  in	  situ	  instruments	  
–  Detailed	  inves8ga8on	  on	  returned	  samples	  relevant	  for	  astrobiology	  

	  

Science	  Inves+ga+ons	  
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Ø Determine	  the	  near	  surface	  and	  interior	  structure	  at	  regional	  and	  global	  scales	  
–  Iden8fica8on	  of	  rubble	  pile	  or	  monolithic	  structures.	  	  Also	  determina8on	  of	  interior	  component	  

size	  frequency	  distribu8on	  (large	  pieces	  vs.	  meter	  scale	  bits)	  
–  Seismic	  surveys	  and	  radar	  tomography	  
–  Ground	  penetra8ng	  radar	  

Ø Characterize	  the	  dust,	  plasma,	  and	  electrosta+cs	  of	  the	  airless	  body	  
–  Presence	  of	  any	  exosphere	  and	  poten8al	  interac8on	  during	  solar	  ac8vity	  
–  Characterize	  micrometeorite	  flux	  (source	  of	  dust	  and	  any	  sinks)	  
–  Combina8on	  of	  in	  situ	  probes	  and	  spacecral	  sensors	  
	  

Ø Measure	   and	  monitor	   radia+on	   environment	   on	   site	   and	   characterize	   the	   response	   of	  
the	  small	  body	  surface	  material	  response	  
–  Iden8fy	  shielding	  opportuni8es	  of	  small	  body	  materials	  
–  Characterize	  any	  secondary	  radia8on	  emiJed	  from	  the	  small	  body	  
–  Rad	  sensors	  and	  8ssue	  equivalent	  detectors	  

	  

Science	  Inves+ga+ons	  
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Ø Opportuni+es	  exist	  for	  enhanced	  science	  capability	  with	  the	  systems	  and	  elements	  
needed	  for	  missions	  to	  the	  Moon,	  Mars,	  and	  small	  bodies	  
–  Mul8-‐purpose	  Crew	  Vehicle	  (MPCV)	  
–  Space	  Launch	  System	  (SLS)	  
–  Explora8on	  Augmenta8on	  Module	  (EAM)	  
–  Deep	  Space	  Habitat	  (DSH)	  
–  Mul8-‐Mission	  Space	  Explora8on	  Vehicle	  (MMSEV)	  (i.e.,	  excursion	  vehicle)	  

Ø Foster	  interna+onal,	  commercial,	  and	  academic	  coopera+on	  for	  both	  robo+c	  precursor	  
and	  human	  missions	  
–  JAXA,	  ESA,	  Roscomos,	  CSA,	  and	  other	  explora8on	  agencies	  
–  Space	  X,	  Planetary	  Resources,	  Deep	  Space	  Industries,	  Bigelow	  Aerospace,	  etc.	  
–  Scien8fic	  and	  Engineering	  communi8es	  

Future	  Considera+ons	  

Source: 
NASA/AMA, Inc. 
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